Ultrasonography is the best available tool for the initial work-up of thyroid nodules. Substantial interobserver variability has been documented in the recognition and reporting of some of the lesion characteristics. A number of classification systems have been developed to estimate the likelihood of malignancy: several of them have been endorsed by scientific societies, but their reproducibility is yet to be assessed. We evaluated the interobserver variability of the AACE/ACE/AME, ACR, ATA, EU-TIRADS and K-TIRADS classification systems and the interobserver concordance in the indication to FNA biopsy. Two raters independently evaluated 1055 ultrasound images of thyroid nodules identified in 265 patients at multiple time points, in two separate sets (501 and 554 images). After the first set of nodules, a joint reading was performed to reach a consensus in the feature definitions. The interobserver agreement (Krippendorff alpha) in the first set of nodules was 0.47, 0.49, 0.49, 0.61 and 0.53, for AACE/ACE/AME, ACR, ATA, EU-TIRADS and K-TIRADS systems, respectively. The agreement for the indication to biopsy was substantial to near-perfect, being 0.73, 0.61, 0.75, 0.68 and 0.82, respectively (Cohen's kappa). For all systems, agreement on the nodules of the second set increased. Despite the wide variability in the description of single ultrasonographic features, the classification systems may improve the interobserver agreement that further ameliorates after a specific training. When selecting nodules to be submitted to FNA biopsy, that is main purpose of these classifications, the interobserver agreement is substantial to almost perfect.
Introduction
Thyroid nodules are an increasingly common finding during imaging examinations of the neck, but only a small proportion of these lesions ultimately prove to be malignant (1) . Fine-needle aspiration (FNA) biopsy plays a major role the differential diagnosis, but its execution needs to be selective (2) , due to the associated costs, potential non-diagnostic results (3) , and the risk of overdiagnosis (4) . Ultrasonography (US) is currently the best diagnostic tool available for the initial work-up of thyroid nodules. Certain US features are more or less strongly associated with nodule malignancy (5) . However, the G Grani et al.
TIRADS interobserver variability 2 7:1 estimate the likelihood of malignancy and, in particular, to identify nodules that need to be scheduled for FNA biopsy (7, 8) . Several of these systems have been endorsed by international scientific bodies (9, 10, 11, 12, 13) , but their reproducibility is yet to be assessed.
We conducted a retrospective analysis of recorded US images to evaluate the interobserver variability in the application the main thyroid nodule US classification systems and the resulting interobserver concordance in the indication to perform FNA biopsy.
Subjects and methods

Cases
We conducted a retrospective analysis of 1055 ultrasound images of thyroid nodules identified in 265 patients (each with less than four nodules). All had originally been classified as benign (those with suspicious US features but benign cytology) or presumably benign (nodules with no suspicious ultrasound features) and managed with active surveillance as long as there was no evidence of malignancy. The images had been acquired in our thyroid cancer unit at the time of nodule detection and/or during the first five years thereafter and stored in order to precisely document the main nodule features over time. All examinations were performed by a single examiner, with 10-year experience in thyroid US, using an Esaote MyLab 25 (Esaote SpA, Genoa, Italy) ultrasound system with a high-frequency linear transducer. The cases included in the present study represent our center's contribution to a larger multicenter cohort of patients analyzed prospectively to explore the natural history of benign thyroid nodules. The original study, which has been described in detail elsewhere, (14, 15) was conducted with Institutional Review Board (Sapienza University of Rome Ethics Committee) approval and the written informed consent of all participants. Between January 1, 2006, and January 31, 2008, centers enrolled a consecutive series of euthyroid patients presenting with one to four asymptomatic thyroid nodules, measuring 4-40 mm, that were presumed to be benign on the basis of a benign cytology report or the absence of suspicious sonographic features. Exclusion criteria were levothyroxine therapy during the study or in the 6 months preceding enrollment, history of surgical or nonsurgical thyroid interventions, history of thyroid autoimmunity and subacute thyroiditis. Enrolled patients were followed with yearly clinical and US evaluations.
For the purposes of the present study, the images of the 1055 nodules (at various follow-up points) were converted to and stored as deidentified bitmap (BMP) files. The stored files were then randomly divided into two groups: set 1 (501 nodules) and set 2 (554 nodules).
Review of ultrasound images
Analysis of image set 1
The BMP file of each nodule in set 1 was independently reviewed on a single liquid crystal display monitor by two clinicians (GG and LL). Each reader had 6 years of experience in thyroid US imaging, although they had been trained in two different thyroid units. The readers were blinded to the identity of the patient, the date of the scan and all other clinical information regarding the case.
Using standardized in-house multiple-choice forms developed on the basis of published suggestions (6, 16) , the two readers rated the following US features of each nodule: margins (well-defined, ill-defined, microlobulated or irregular, infiltrative, peripheral halo); composition (solid, cystic, mixed); echogenicity (hyperechoic, isoechoic, hypoechoic-all with respect to the surrounding thyroid parenchyma-or markedly hypoechoic, i.e., less echoic than the adjacent strap muscle); calcifications (absent, microscopic, macroscopic-the latter including eggshell calcifications); other hyperechoic foci (comettail artifacts or indeterminate, the latter including areas of fibrosis). For mixed-content nodules, the reader also rated the location of the solid component (diffusenot nodular, peripheral, central), and recorded the spongiform appearance. Echogenicity and structure were not evaluated in nodules with complete rim calcification. Three other parameters were not rated by either of the readers: (1) nodule diameters (transverse, anteroposterior and longitudinal), which had been recorded during the original scan and were visible on the stored images; (2) nodule shape, parallel or non-parallel (or taller-thanwide), the classification of which is strictly dependent on the nodule dimensions and (3) vascularity, because it was not available in all of the cases. These features were excluded from analyses of interobserver agreement.
For each nodule, the ratings of each reader (together with those recorded during the original examination for nodule size and shape) were elaborated automatically using an in-house algorithm to classify the nodule according to the following five systems: Guidelines of the American Association of Clinical Endocrinologists/ American College of Endocrinology/Associazione Medici Endocrinologi (AACE/ACE/AME) (9); the TIRADS system G Grani et al.
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developed by the American College of Radiologists (ACR) (10); the 2015 Guidelines of the American Thyroid Association (ATA) (11); the EU-TIRADS system proposed by the European Thyroid Association (12) and the Korean Society of Thyroid Radiology's K-TIRADS system (13) .
Training session
Two weeks after their independent reviews and classification of set 1 images, the two readers jointly reviewed the results and the images of all 501 nodules. Discrepancies between their ratings were discussed and a consensus decision reached for each nodule feature. The consensus ratings were then elaborated using the same algorithm to generate new risk classifications of the nodules for each system.
Analysis of image set 2
Four weeks after completion of the training session, the two readers were asked to independently review US images of the 554 nodules of set 2 and to rate them using the same methods employed for set 1. The results were automatically elaborated to obtain risk classifications for each nodule according to the same five systems.
Analysis of data
For each set of nodules, we assessed inter-reader agreement at the level of single features of the nodule, risk-class assignment based on each of the five US classification systems and the advisability/non-advisability of FNA biopsy based on the risk-class assignments. Agreement on ordinal ratings was assessed with the Krippendorff α statistic (17) . Values close to 1 indicate high inter-reader agreement, and values above 0.65 are considered an acceptable basis for tentative conclusions. Interobserver agreement on nominal, dichotomic ratings was evaluated using Cohen's kappa statistic. Values less than 0.20 are considered indicative of slight agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement and 0.81-1.00, near-perfect agreement (18) . For all statistics, 95% confidence intervals (CI) were also calculated. All analyses were performed with IBM SPSS Statistics program, v. 23.0 (IBM).
Results
Supplementary Table 1 (see section on supplementary data given at the end of this article) shows the estimated risks of malignancy for set 1 and set 2 nodules, respectively, based on the consensus judgments of the two readers. (These data are presented for informative purposes only. All of the analyses presented below were restricted to assessment of agreement between the independent ratings of the readers in their descriptions of the nodules.) Table 1 shows the interobserver agreement for the recognition of single US features in set 1 and set 2, as well as those reported in previous studies of this type (19, 20, 21, 22, 23, 24, 25, 26, 27, 28) . Agreement between the readers in our study was highest regarding the presence/absence of calcifications (particularly macrocalcifications). Alpha values for single features in the second set of nodules were not significantly different from those for set 1. Table 2 summarizes the data on interobserver agreement nodule risk classification for the five reporting systems tested. For each nodule set, results are presented for all lesions and for the subset of lesions exceeding 1 cm in diameter. For all five systems, agreement on the nodules of set 2 was appreciably better than that recorded for the set 1. This effect was independent of nodule size, but the degree of improvement varied from system to system. In all of the comparisons, classification according to the EU-TIRADS system displayed the highest level of reproducibility.
As shown in Table 3 , agreement in the identification of set 1 nodules that required FNA biopsy according to the five systems was already substantial to near-perfect. Nevertheless, the Cohen kappas for the second set of nodules were consistently higher for all five classifications systems.
Discussion
Several classification systems have been developed to help physicians decide which of the myriad thyroid nodules discovered each year need to be evaluated with FNA biopsy. These efforts were motivated by the conviction that defining the risk of malignancy based on the presence/absence of composite sets of US features would reduce the interobserver variability seen when risk estimates were based on the presence/absence of individual features. However, all are heavily dependent on the operator's ability to accurately describe key nodule features, such as composition or echogenicity (30), which, in previous studies, have been characterized by suboptimal interobserver agreement (28, 31) . The aim of the present study was evaluating the interobserver reliability in the application of the main thyroid nodule US classification systems. Few attempts have been made to demonstrate whether or not these systems do allow a more reproducible
TIRADS interobserver variability 4 7:1 stratification of thyroid nodules. On the basis of the data collected in the present study, the answer appears to be 'yes.' On the whole, classification of thyroid nodules using any of the five systems we tested is associated with higher interobserver agreement than classification based on single suspicious features, although there is clearly room for further improvement. More importantly, identification of nodules that require FNA biopsy based on these classification systems, which is in fact their main purpose, is associated with substantial to near-perfect agreement.
Other factors, aside from the experience in general thyroid imaging and nodule size, should be taken into account when working to improve reliability of standard US reporting of thyroid nodules. Several approaches have already been proposed to achieve this target, such as quantitative evaluation of echogenicity (31) and more systematic reporting schemas. (6, 12, 32) .
A specific 'hands-on' training involving joint reading of US images can improve the reproducibility of all the risk classifications, even for trained readers with similar levels of experience, with significant improvements for ATA, K-TIRADS and EU-TIRADS systems, even if no significant difference is recorded for any single variable. Some of the classification systems place substantial weight on certain individual features (in most cases, solid structure and hypoechogenicity), and the reproducibility of these classifications depends on the agreement between readers in describing these particular features. However, the weight of each feature varies across various systems (echogenicity being, for example, the most important Table 2 Interobserver agreement for nodule classification the various US classification systems endorsed by scientific societies.
All nodules
Only nodules >1 cm 
one for EU-TIRADS, and composition for K-TIRADS).
Furthermore, the precise identification of the full range of possible descriptions is not needed for classification: for example, only irregular or infiltrative margins impact the nodule classification, while the difference between regular, ill-defined and hypoechoic halo is negligible. The differences in the system structure may also explain the higher interobserver agreement for some systems.
Classifications with a lower number of high-suspicious features and more gradual scoring show better interobserver reliability (such as EU-TIRADS) than the ones in which a single description may dramatically change the nodule classification (ACR TIRADS, ATA guidelines). Similarly, the agreement on the FNA biopsy indication is influenced by the philosophy behind each classification: K-TIRADS system has the highest reproducibility because the vast majority of low-and intermediate-suspicion nodules are submitted to FNA biopsy according to the Korean system, while the other classification are more conservative, with higher dimensional cutoff and deeper management differences between low-and intermediate-suspicion categories -that represent a source of variability. These findings are similar to that reported by Cheng for the first TIRADS ever proposed (k = 0.61, moderate to substantial agreement) (33) , although in other hands, the agreement observed with this system was appreciably lower (k = 0.27) (34). Our group reported, in a previous study (28) , a suboptimal agreement in a small series of cytologically indeterminate nodules (Krippendorff alpha 0.36 for ATA classification and 0.42 for TIRADS classification proposed by Kwak (35) ). An even higher k value of 0.72 was reported by Russ and coworkers for the system they proposed in 2013 (36) , which is the basis of the current EU-TIRADS systems. According to some evidence, thyroid computer-aided diagnosis (CAD) using artificial intelligence may further improve diagnosis reliability. It was reported that the use of thyroid CAD to differentiate malignant from benign nodules showed accuracy similar to that obtained by radiologists (37, 38) and may reduce intra-and interobserver variability.
Our study has some obvious limitations. First, owing to its retrospective nature, it was not possible to consider Koltin, 2016 (25) the influence on interobserver agreement of scan-related variables, such as probe inclination, US equipment used, operating conditions and setting. Second, the sample consisted exclusively of nodules that had initially been classified as benign. This could potentially overestimate the agreement. However, all categories are represented in this series, and the sample size is broader than that in other non-selected series. Third, the readers involved in this study were 'peers' in terms of experience as well as staff members of in the same thyroid cancer unit, both of which factors could conceivably have contributed to the improved interobserver agreement we observed after the training session. Similar initiatives in larger, more heterogeneous groups might not have the same results. Furthermore, this study does not provide data about increasingly used ancillary techniques, like elastosonography (39, 40) .
In conclusion, despite the wide variability in the description of single US features, the US classification systems may improve the interobserver agreement, that further ameliorates after a specific training. When selecting nodules to be submitted to FNA biopsy, that is main purpose of these classifications, the interobserver agreement is substantial to almost perfect.
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